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The seesaw-extended SM

Neutrinos are massless in the minimal version of the SM. Masses
can be introduced via a gauge invariant d = 5 operator

L5 = −fIK

Λ
(εijL

I
i Hj)(εk`L

K
k H`) + H.c. ,

Bounds on light neutrino masses imply that Λ & 1013 GeV. The
simplest UV-completion is the seesaw model

Lseesaw = −εijY
IJ
ν HiL

I
jν

c J
L − 1

2M IJνc I
L νc J

L + H.c.

where νc I
L are SU(2)× U(1) singlet neutrinos. If ‖M‖ ∼ Λ, one

can integrate out the νc I
L and obtain L5 above.
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Seesaw extended MSSM

In the MSSM ν-masses arise from R-parity symmetry breaking
operators. If R-parity is conserved we can introduce a
supersymmetric generalization of Lseesaw via the superfields :

Fermionic
Superfield hypercharge Boson Fields Partners

L̂I −1 L̃I
j ≡ (ν̃I

L , ˜̀I
L) (νI

L , ` I
L)

R̂I +2 R̃I ≡ (˜̀I
R)∗ ` cI

L

N̂ I 0 Ñ I ≡ (ν̃I
R)∗ νcI

L

Ĥ1 −1 H1
j ≡ (H1

1 , H1
2 ) (H̃1

1 , H̃1
2 )

Ĥ2 +1 H2
j ≡ (H2

1 , H2
2 ) (H̃2

1 , H̃2
2 )
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Superpotential

W = εij(µĤ1
i Ĥ2

j − Y IJ
` Ĥ1

i L̂I
j R̂

J + Y IJ
ν Ĥ2

i L̂I
j N̂

J) + 1
2M IJN̂ IN̂J

where Y` and Yν are complex 3× 3 matrices and M is complex
symmetric 3× 3 matrix and µ a complex parameter

Preferred basis

L̂I → V IJ
L L̂J , R̂I → V IJ

R R̂J , N̂ I → V IJ
N N̂J

where VL, VR, VN are 3× 3 unitary matrices

V T
L Y`VR = diag(Ye , Yµ , Yτ ) , SVD

V T
N MVN = diag(M1 , M2 , M3) Takagi

Note that Yν is a general complex 3× 3 matrix
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Soft-SUSY-breaking Lagrangian

VSOFT = m2
H1

H1∗
i H1

i + m2
H2

H2∗
i H2

i + (m2
L)IJ L̃I∗

i L̃J
i

+ (m2
R)IJ R̃I∗R̃J + (m2

N )IJÑ I∗ÑJ

−
[
(m2

B)IJÑ IÑJ + H.c
]

− εij

(
m2

12H
1
i H2

j + AIJ
` H1

i L̃I
j R̃

J + AIJ
ν H2

i L̃I
j Ñ

J + H.c.
)

where m2
L, m2

R and m2
N are hermitian matrices, m2

B is a complex
symmetric matrix and A` and Aν are complex matrices. In general
these 3× 3 matrices can not further be simplified in the preferred
basis.
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Expected magnitudes of the model parameters

1. We assume that the Yukawa couplings Y IJ
ν satisfy:

‖Yν‖ <∼ O(1) .

2. The Majorana mass M is much heavier than the electroweak scale
(seesaw mechanism)

‖M‖ � v .

3. Although µ is a supersymmetric parameter, we require it to be of a
similar order to the low-energy supersymmetry-breaking scale,
MSUSY :

µ ∼MSUSY .

4. The non-singlet soft SUSY-breaking squared-masses are of a similar
order to the supersymmetry-breaking scale:

‖m2
L‖ ∼ ‖m2

R‖ ∼M2
SUSY .
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5. The parameters m2
B and Aν are unconnected to electroweak

symmetry breaking at tree-level. However, various constraints on
ν-masses lead to

‖Aν‖ <∼ MSUSY , ‖m2
B‖ <∼ MSUSY‖M‖ .

6. The singlet soft SUSY-breaking parameter m2
N is also unconnected

to electroweak symmetry breaking at tree-level.

Thus, we shall present results in this paper that allow for the
possibility that:

‖m2
N‖ ∼ ‖M2‖ .

If this holds, then remnants of the heavy neutrino/sneutrino sector
can survive in the effective theory of the light sneutrinos. We
explore the origin of this non-decoupling effect.
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Neutrino masses

Terms quadratic in the neutrino fields are given in terms of
two-component fermion fields

−Lmν = 1
2

(
v2

√
2 Y IJ

ν νI
LνcJ

L + M IJνcI
L νcJ

L + H.c.
)

= 1
2 (νT

L νcT
L )Mν

(
νL

νc
L

)
+ H.c.

The neutrino mass matrix Mν is a 6× 6 complex symmetric
matrix given in block form by:

Mν ≡
(

0 mD

mT
D M

)
,

where mD is a 3× 3 complex matrix

mD ≡ v2Yν/
√

2
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The neutrino mass matrix can be Takagi block-diagonalized.
Defining transformed light (ν`) and heavy (νc

h) neutrino states we
obtain the effective light and heavy 3× 3 neutrino mass matrices :

Light and heavy ν-masses

Mν`
= −mDM−1mT

D +O(m4
DM−3)

Mνh
= M + 1

2(M−1m†
DmD + mT

Dm∗
DM−1) +O(m4

DM−3)

To identify the physical light neutrino states, we must perform a
Takagi-diagonalization of Mν`

. This is accomplished by
introducing the unitary MNS matrix,

UT
MNSMν`

UMNS = diag(mν`1
, mν`2

, mν`3
) ,

where the mν`J
are the (real non-negative) masses of the light

neutrino mass eigenstates.
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The sneutrino mass matrix

The terms quadratic in the sneutrino fields are

− Lmass = 1
2

(
φ†L φ†N

)( M2
LL M2

LN

(M2
LN )† M2

NN

)(
φL

φN

)
,

where φL ≡ (L̃1 , L̃∗
1)

T and φN ≡ (Ñ , Ñ∗)T are six-dimensional
vectors. The 12× 12 sneutrino mass matrix, written in terms of
6× 6 matrix blocks with estimated magnitudes,

M2
ν̃ ≡

(
M2

LL M2
LN(

M2
LN

)† M2
NN

)
=
(
O(v2) O(vM)
O(vM) O(M2)

)
,

also exhibits a seesaw type behavior, analogous to the seesaw type
mass matrix of the neutrino sector.
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The sneutrino mass matrix

Using standard methods for block diagonalizing, the effective 6× 6
hermitian squared-mass matrix for the light sneutrinos reads:

M2
ν̃`
≡M2

LL −M2
LNM−2

NN

(
M2

LN

)† +O(v4M−2) ,

analogous to the previously noted light effective neutrino mass
matrix. Likewise, the effective 6× 6 hermitian squared-mass matrix
for the superheavy sneutrinos reads:

M2
ν̃h
≡M2

NN + 1
2

[
M−2

NN (M2
LN )†M2

LN + (M2
LN )†M2

LNM−2
NN

]
+ O(v4M−2) .

Note that M2
ν̃`
∼ O(M2

SUSY ) and M2
ν̃h
∼ O(M2) as expected.
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The effective light sneutrino mass matrix

The effective 6× 6 hermitian squared-mass matrix for the light
sneutrinos takes a simple form :

M2
ν̃`
≡
(

M2
LC (M2

LV )∗

M2
LV (M2

LC)∗

)
,

where the lepton-number conserving (LC) and lepton-number
violating (LV) matrix elements are given by [to order O(v4M−2)] :

M2
LC ≡ m2

L + 1
2
M2

Z cos 2β + m∗
DmT

D −m∗
DM(M2 + m2

N )−1MmT
D

M2
LV ≡ mDM(M2 + m2 ∗

N )−1mT
DXT

ν + XνmD(M2 + m2
N )−1MmT

D

−2mDM(M2 + m2 ∗
N )−1m2

B(M2 + m2
N )−1MmT

D

where

XνmD ≡ 1√
2

(v2Aν + µ∗v1Yν) .

Note that M2
LC is a 3× 3 hermitian matrix, and M2

LV is a 3× 3 complex

symmetric matrix.
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A Non-decoupling phenomenon

However, according to our assumptions for the model parameters
m2

NM−2 ∼ O(1) is possible, in which case M2
LC

M2
LC ' m2

L+ 1
2M2

Z cos 2β+ m∗
DM−1m2

NM−1mT
D +O(v2m4

NM−4)

deviates from its MSSM value by a quantity of O(v2) even in the
exact decoupling limit of M →∞. As a result of this
non-decoupling phenomenon, remnants of the heavy sector of the
seesaw mechanism may survive in the effective theory of light
sneutrinos. These non-decoupling effects can be detected in
principle through measurements of the sneutrino and charged
slepton properties.
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The light sneutrino mass eigenstate

The physical light sneutrino states can be identified by
diagonalizing M2

ν̃`
. Note that if M2

LV = 0, then the eigenvalues of

M2
ν̃`

are doubly degenerate, corresponding to the fact that the
conserved lepton number implies that the six light sneutrino states
are comprised of three sneutrino antisneutrino pairs. If M2

LV 6= 0,
then lepton number is violated and the sneutrinos and
antisneutrinos can mix.
This mixing splits the degenerate pairs and yields (in general) six
non-degenerate light sneutrinos. In particular, the resulting
sneutrino mass-eigenstates are self-conjugate real fields, which we
denote by S1 ,S2 , . . . , S6 with their masses determined by

W †M2
ν̃`
W = diag (m2

S1
, m2

S2
, . . . , m2

S6
) .
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We can employ perturbative techniques to evaluate the eigenvalues
of M2

ν̃`
. First, we diagonalize the sub-matrix M2

LC :

Q†
0M

2
LCQ0 = D ≡ diag(d1 , d2 , d3) ,

where Q0 is a 3× 3 unitary matrix, and the eigenvalues dI are real.
We will argue below that the bounds on the radiative
flavor-changing charged lepton decay `J → `Iγ imply that matrix
M2

LC is very close to a diagonal form. Approximately,

(Q0)IJ '
(M2

LC)IJ

dJ − dI
, I 6= J .

Define the unitary matrix :

Q = Q0T

where T is a 3× 3 diagonal matrix of phases. Then define B as a
3× 3 complex symmetric matrix

B ≡ QT M2
LV Q .
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Sneutrino-antisneutrino mass difference

As expected, the mass-splittings of the would-be
sneutrino–antisneutrino pairs are nonzero due to the presence of
the lepton-number violating matrix M2

LV . If we denote the three
sneutrino mass-splittings by (∆mν̃`

)J ≡ |mSJ
−mSJ+3

| (for
J = 1, 2, 3), then in the non-degenerate case,

Sneutrino-antisneutrino mass difference

(∆mν̃`
)J '

|BJJ |√
dJ

.

In the case of degenerate dI , the mass-splittings (∆mν̃`
)J also

depend on the non-diagonal elements of B.
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Example : One generation model

In this case, M2
LC and B ≡M2

LV are just numbers. The
corresponding sneutrino mass-splitting, ∆mν̃`

≡ |mS2 −mS1 |, is
given by

∆mν̃`

mν`

=
2M2

mν̃`
(M2 + m2

N )

∣∣∣∣Xν −
Mm2

B

M2 + m2
N

∣∣∣∣ , (1)

where mν`
≡ |mD|2/M is the mass of the light neutrino and

mν̃`
≡ 1

2(mS1 + mS2) is the average light sneutrino mass.

Assuming that m2
B = m0 M , and Aν = A0 it follows that both

terms on the right hand side of eq. (1) are of the same order,
which implies that ∆mν̃`

∼ O(mν`
). This can be enhanced by at

most three orders of magnitude but not more.
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One-loop neutrino masses : constraints on M 2
LV

We study all possible corrections to neutrino masses. The
dominant one reads :

δMIJ
ν`

≡ (M1−loop
ν`

)IJ −mν`I δIJ

' −1

32π2

X
i,K,M

mχ0
i
Re

h
(g2Z

2i
N − g1Z

1i
N )2 UKI

MNSUMJ
MNS

`
M2

LV

´
KM

i „
∆B0

∆m2

«
iKM

,

where

„
∆B0

∆m2

«
kIJ

≡

8>>>><>>>>:
B0(mχ0

k
, mν̃I

`
)−B0(mχ0

k
, mν̃J

`
)

m2
ν̃I

`
−m2

ν̃J
`

, for I 6= J ,

∂B0(mχ0
k
, mν̃I

`
)

∂m2
ν̃I

`

, for I = J .

As expected, this contribution is finite and is explicitly lepton
number violating, as it is proportional to the matrix M2

LV .
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Sneutrino-mass-difference and ν-masses
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Figure: Predictions for the ratios (∆mν̃`/mν`)I and (m
(1−loop)
ν` /mν`)I for the

three neutrino states (I = 1, 2, 3) as functions of the soft SUSY-breaking
parameters m0 and A0. When varying m0 [left panels] we set A0 = 0 and
when varying A0 [right panels] we set m0 = 0.
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Constraints on M 2
LC from (g − 2)µ and `J → `Iγ

The anomalous magnetic moment and electric dipole moment
(EDM) of the leptons and the lepton flavor violating decays
`J → `Iγ are derived from the following terms of an effective
Hamiltonian

H = e ¯̀Jσµν

[
ReCJJ

1L + m`J (CJJ
4L + CJJ

4R )− iImCJJ
1L γ5

]
` JFµν ,

which can be extracted from the computation of the one loop
vertex for `J → `Iγ.
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By matching to the standard form

H = − e

4mlJ
aJ

¯̀Jσµν` JF µν +
id`J

2
¯̀Jσµνγ5`

JF µν ,

where aJ ≡ (gJ − 2)/2 is the magnetic moment anomaly and d`J is the EDM
of the lepton, one can extract the expressions for the electron EDM, de, and for
gµ − 2,

(g − 2)µ and the electron EDM

de = −2e ImC11
1L ,

aµ = −4mµ

ˆ
ReC22

1L + mµ(C22
4L + C22

4R)
˜

.

Constraints from e-EDMs : NONE at 1-loop, if µ and M2 are real.

Constraints from aµ : i.e., (mL)min & 300 GeV for tan β = 10 and
M2 = 100 GeV.
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` J → ` Iγ decay width

Γ(` J → ` Iγ) =
e2m3

lJ

4π

“
|CIJ

L |2 + |CIJ
R |2

”
.

Thus, for J > I and neglecting terms proportional to the lighter lepton mass,
one arrives at the simple result:

CIJ
L ' 0 ,

CIJ
R ' CbIJ

1R + m`J CbIJ
4L

' m`J

(4π)2
e2

2s2
W

`
M2

LC

´IJ
„
|Z1i

+ |2
„

∆C23

∆m2

«
iIJ

−
√

2

cos β

m
χ+

i

MW
Z1i∗

+ Z2i∗
−

„
∆C11

∆m2

«
iIJ

«
,

(2)

where the Z± are the chargino mixing matrices defined in,

„
∆Cij

∆m2

«
kIJ

≡

8>>>><>>>>:
Cij(mχ+

k
, mν̃I

`
)− Cij(mχ+

k
, mν̃J

`
)

m2
ν̃I

`
−m2

ν̃J
`

, for I 6= J ,

∂Cij(mχ+
k

, mν̃I
`
)

∂m2
ν̃I

`

, for I = J .

and mν̃I
`

are the three “CP-averaged” sneutrino masses.
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Figure: (a) In the left panel, the SUSY contribution to the muon
anomalous magnetic moment as a function of mL = mR is exhibited. (b)
In the right panel, the prediction for BR(` J → ` Iγ) is shown as a
function of the parameter x = m2

N/M2.

Bounds on mN

x ≡
||m2

N ||
||M2||

. 10−2
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Bounds on M 2
LC

Bounds on M2
LC

M2
LC =

 & 2702 . 42 . 112

... & 2702 . 312

... ... & 2702


Typical Bounds on the structure of the matrix elements of M2

LC for
M2 = µ = 200 GeV and tanβ = 10. All masses are given in GeV.
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Bounds on M 2
LV

As an example, under the assumption of tri-bimaximal mixing of
Perkins et.al and model parameters given in the paper

Bounds on M2
LV

M2
LV .

 2× 10−9 ... ...
... 2× 10−6 ...
... ... 10−5

 GeV2 ,

where the dots indicate elements with similar bounds as the
diagonal ones. The significant suppression of the lepton number
violating matrix elements of M2

LV relative to the lepton number
conserving matrix elements M2

LC ∼ O(v2) is particularly
noteworthy.
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Sneutrino Oscillation Phenomena

Sneutrino-antisneutrino oscillations

Sneutrino-flavour oscillations
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Sneutrino-antisneutrino oscillations

Also referred to as CP-driven oscillations; analogous to K − K̄ ones.
In e+ + e− → eνI + eν∗I let N`− [N`+ ] be the number of negatively and
positively charged leptons due to decay ν̃ → l− + χ+ [ν̃∗ → l+ + χ−]. Then
the asymmetry,

Al =
Nl− −Nl+

Nl− + Nl+
,

is not zero due to ν̃ − ν̃∗ oscillations and is proportional to the quantum
interference term. This can be measured if ∆mν̃/Γν̃ ∼ O(1).
Unfortunately for typical seesaw paramaters, with m0 . 105 GeV, we obtain
∆mν̃/Γν̃ . 2.7× 10−6.

To sufficiently suppress the sneutrino width, one would have to suppress (or
make kinematically inaccessible) the dominant two-body decay rates. Three
body phase space provides a sufficient suppression, although without a further
extension of the model, the latter would require a stable (or very long-lived)
charged slepton, in conflict with astrophysical data.
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Sneutrino-flavour oscillations

To a good approximation, and for I 6= J

Pν̃I→ν̃J ≈ 2e−t/τ
h
|QIJ

0 |2 − Re(QIJ
0 )2 cos ∆mIJ t

i
where ∆mIJ ≡ mν̃I −mν̃J and QIJ

0 ' (M2
LC)IJ/(m2

ν̃J
−m2

ν̃I
).

For flavour oscillations the condition ∆mν̃/Γν̃ ∼ O(1) is more easily satisfied,
as mass splittings of order 10 GeV are not uncommon (if we use the two-body
decay channel). Unfortunately the small off-diagonal elements of M2

LC

suppress the probability of flavour oscillations.
Typically we find :

Pν̃µ→ν̃e ≈ O(10−5) [1 − cos(∆m12τ)] .

Thus, in the see-saw extended MSSM, sneutrino flavor oscillations are difficult
to observe at colliders. To avoid this negative conclusion, one requires some
(unnatural?) cancellation mechanism that would permit an enhancement of the
off-diagonal elements of M2

LC relative to the previously quoted bounds.

Athanasios Dedes Seesaw Mechanism in the Sneutrino sector and its Consequences



Conclusions

In the seesaw-extended MSSM, the light sneutrino sector is governed by a
∆L = 0 hermitian matrix, M2

LC , and a ∆L = 2 complex symmetric
matrix, M2

LV .

Corrections from the heavy sneutrino sector can yield non-decoupling
corrections to M2

LC (which modify the charged slepton-sneutrino mass
relation), and are responsible for additional contributions to `J → `Iγ.

Limits on rare flavor-changing charged lepton decays yield strong upper
bounds on the off-diagonal elements of M2

LC . Lower bounds on the
diagonal elements of M2

LC (as a function of chargino parameters) can be
derived from the observed value of (g − 2)µ.

Significant radiative corrections to the tree-level neutrino mass matrix
could provide the dominant source of neutrino flavor texture. The
one-loop sneutrino-neutralino graph (governed by sneutrino-antisneutrino
mixing) can yield neutrino mass shifts of order the tree-level masses and
provide upper limits on the elements of M2

LV .

Both sneutrino-antisneutrino and sneutrino flavor oscillations are possible,
although ∆mν̃/Γν̃ ∼ O(1) (required for observability of the effect)
cannot be simultaneously satisfied in both cases. Due to constraints on
M2

LC and M2
LV , these phenomena are probably not observable at future

colliders for generic SUSY-seesaw parameters.
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Understanding the non-decoupling effect

In the limit ||M || → ∞ with ||m2
NM−2||=fixed, the Lepton number Conserving

sneutrino mass sub-matrix becomes

M2
LC ' m2

L + 1
2
M2

Z cos 2β + m∗
DM−1m2

NM−1mT
D +O(v2m4

NM−4)

Thus, we have a non-decoupling correction to the usual MSSM result of
O(m2

NM−2) as previously noted in this talk.
To understand the origin of this non-decoupling phenomenon, we formally
integrate out the heavy sector and obtain the effective theory of the light
sneutrinos. Thus,eNI = ν̃I

h − εkn[(M2 + m2
N )−1MY T

ν ]IJ eLJ
nH2

k , (3)

before electroweak symmetry breaking, where we have used eNI ≡ ν̃I ∗
R .

To obtain the relevant operator that survives in the low-energy effective theory,
we insert eq. (3) for eNI in the scalar potential, and then take the limit as
‖M‖ → ∞, In addition, we set ν̃h = 0. The end result is: [m2

N < M2],

εknεij [Y
∗

ν M−1m2
NM−1Y T

ν +O(m4
NM−4)]JK eLJ ∗

n
eLK

j H2 ∗
k H2

i .

For significant contributions to the Higgs mass must be x & 0.1. But as we
showed, for typical SUSY parameters x . 0.01 from µ → eγ bound.
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Naturalness constraints on m2
N

Large x ∼ 0.01 seems to be phenomenologically viable. However, if one
imposes the usual fine-tuning (or naturalness) requirements for the stability of
the electroweak scale, one can show that ‖m2

N‖ cannot be significantly larger
than O(v2).

This can be verified by computing the one-loop correction to the H2
2

self-energy. The surviving contribution to the squared-mass term of H2
2 is of

the form
m2

N |Yν |2I(M2, m2
N )|H2

2 |2 ,

where I is a logarithmically divergent integral.

We now add this one-loop result to the corresponding tree-level contribution to
the scalar potential:

(m2
H2 + |µ|2)|H2

2 |2 .

In order to achieve successful electroweak symmetry breaking with
v = 246 GeV, the complete coefficient multiplying |H2

2 |2 must be of O(v2).
Thus :

m2
N ∼ O(v2) .
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